Selection of energy storage system for a regenerative dynamic dynamometer by Weng, Larry et al.
AZ/mm 
Selection of Energy Storage System for a Regenerative Dynamic Dynamometer 
 
Larry Weng   Geoff Walker   ZhaoYang Dong   Andrew Simpson   David Finn 
 
School of Information Technology and Electrical Engineering 
The University of Queensland 
Abstract 
This paper presents a design technique of a fully regenerative dynamic dynamometer. It incorporates an 
energy storage system to absorb the energy variation due to dynamometer transients. This allows the 
minimum power electronics requirement at the grid to supply the losses.  The simulation results of the full 
system over a driving cycle show the amount of energy required to complete a driving cycle, therefore the 
size of the energy storage system can be determined. 
 
1. INTRODUCTION 
With the increasing emphasis on improved efficiency 
and reduced emission levels of vehicle drive trains more 
attention has been paid to the methods and test platforms 
which can accurately and effectively reflect the actual 
operational regime of the drive train [1-3].   
 
To effectively test a vehicle drive train, the test platform 
must be able to reproduce the actual load condition of a 
road to the drive train.  A dynamometer that can 
simulate the road load must accurately and rapidly 
control the load torque on a continuous basis.  Both 
positive and negative torques are also required which 
implies a reversible power flow.  Conventional water, 
friction or eddy-current brake dynamometers cannot 
mimic a road load because of their unidirectional power 
flow.   
 
To test a vehicle drivetrain efficiently, the dynamometer 
must also be able to recover the energy from the system 
under test rather than dissipate that energy as heat.  If an 
electric drivetrain is under the test, the dynamometer 
may be able to recirculate that energy back to the 
electric drivetrain.   
 
From these two main requirements, an electric motor is 
the most ideal loading machine (LM).  The proposed 
system uses a DC motor/generator as the LM.  The LM 
is mechanically coupled to the machine under test 
(MUT) and is electrically connected a power converter.   
The D.C. machine is chosen, by the authors, as the LM, 
mainly because of the ease and accuracy of modelling, 
and the simplicity of control. 
 
Dynamometers that meet these requirements have only 
rarely been investigated in the past [1, 3, 4], however 
there are research conducted on dynamic dynamometers.  
Most previous research has dealt with only the dynamic 
emulation capability without considering the 
regenerative capability [5-9], which may cause some 
difficulties in analysing and designing the system at a 
later stage. There are needs for a test system which can 
simulate both the dynamic emulation and the 
regenerative capability. This paper investigates the 
energy flow of a dynamometer that has both dynamic 
emulation and regenerative capability.   
 
A design configuration of a fully regenerative dynamic 
dynamometer optimised for testing electric drive trains 
is proposed in this paper. Power generated by the LM is 
recirculated to the MUT and its power converter.  It 
incorporates an energy storage system to absorb the 
energy variation due to the dynamometer’s transient 
conditions. This allows the minimum power electronics 
requirement at the grid to supply only the system losses. 
The outcome of this research provides an efficient and 
reliable way of determining the optimum size of the 
power electronics and buffer components of the 
dynamometer system. 
 
Table 1 Nomenclature 
Symbol Description 
m Mass of the vehicle 
a Acceleration of the vehicle 
r Density of air 
A Frontal area of the vehicle 
v Velocity of the vehicle 
CD Coefficient of aerodynamic drag 
CRR Coefficient of rolling resistance 
q Angle of the road  
Froad Force due to road condition 
Troad Torque due to road condition 
r Radius of the tyre 
I Current 
R Resistance of power electronic 
K Switching loss 
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Vbus Bus voltage 
ts Switching time of MOSFET 
fs Switching frequency of MOSFET 
Ibus Bus current 
Pm Power of Motor Under Test 
Pd Power of dynamometer 
 
2. DYNAMOMETERS 
2.1 Dynamometer Driving Cycle Emulation 
A dynamometer is “an instrument for measuring energy 
expended” [10].  In the context of a vehicle drive train, a 
dynamometer allows the characterisation of that drive 
train’s rotational power output under varying conditions.  
The dynamometer and motor under test are connected 
by a drive shaft, or in the case of a chassis 
dynamometer, via the vehicles wheels sitting on and 
driving a set of rollers.   
 
2.2 Brake Dynamometers 
Two common brake dynamometer braking mechanisms 
are pumping water against a restriction and generating 
eddy currents in a spinning metallic disc.  These 
conventional dynamometers dissipate the absorbed 
energy from the MUT as heat.  As such, these units have 
several disadvantages: 
 
l The waste heat must be removed from the 
laboratory, which requires a cooling system that 
consumes extra energy; 
 
l Dissipative systems are not reversible to enable the 
testing of generators; 
 
l Dissipative systems generally do not allow 
controlled rapid load changes to enable evaluation of 
dynamic performance. 
 
In their favour, dissipative systems are generally 
relatively low cost for high power capabilities.  They are 
usually rugged and low maintenance.   
 
2.1.1 Regenerative Dynamometers 
When an electric machine is used as the means of 
loading the MUT, the mechanical power absorbed is 
converted to electricity.  Rather than just dissipating this 
in a resistive load bank as heat, it is possible with a 
suitable power electronic converter to feed this power 
back into the electricity grid.  This configuration is 
called a regenerative dynamometer.  
 
Further if the MUT is also an electric machine with its 
associated power electronic converter, then the 
generated electricity may be used to supply the MUT.  
This recirculating regenerative dynamometer is the most 
efficient method of testing possible as only the inherent 
losses of both the MUT and the dynamometer are 
dissipated.  This has a number of advantages:    
 
l The hardware requirement from electrical grid is 
minimized, since we only need to supply losses, and 
power flow is always from the grid (assuming that 
some energy buffering or storage is included as part 
of the dynamometer). 
 
l “Rejecting” the waste power as heat is no longer a 
concern.  This can be a significant problem in high 
power dynamometer.  Equally, the power 
consumption from the power source (grid) and the 
necessary size of the grid connection are both also 
reduced. 
 
l Cost is not as high as may be expected.  Although a 
regenerative motor drive is now needed, no resistor 
bank is needed for power dissipation and, as stated 
above, the power grid connection sizing and power 
consumption are reduced.   
 
The basic block diagram of a recirculating regenerative 
dynamometer is shown in Fig.1.  The drive train under 
test consists of an electric motor and its associated motor 
controller.  The loading motor similarly consists of a 
motor and its motor controller.  The two machines are 
mechanically linked either directly or via a gearbox and 
the two motor controllers are connected to a common 
electrical bus, either dc or ac.  In this paper, a direct 
mechanical link is assumed, and the motor controllers 
are linked via their dc busses.     
 
3 DYNAMIC DYNAMOMETER CONTROL 
Traditionally a dynamometer is used to characterise the 
power output capability or efficiency of a prime mover, 
whether an internal combustion engine or electric motor 
and associated power electronic motor drive.  This is 
generally done by operating at a number of discrete 
torques and speeds, or slowly varying a certain 
parameter, to create a torque curve, or an efficiency 
map. A more accurate way to assess and optimise the 
performance of a MUT is to subject it to a road load 
driving cycle.  A vehicle’s road load is the torque at the 
driving wheels required to achieve a certain velocity and 
acceleration.  A driving cycle is a pre-defined locus of 
velocity versus time usually on a second by second 
basis.  The energy consumption and power loss in the 
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completion of a drive cycle forms a realistic yet 
repeatable and comparable characterisation of the tested 
drive train components.   
 
During vehicle deceleration, the vehicle drive train can 
exert a negative or braking torque on the vehicle, and so 
absorb power from the vehicle.  To simulate this, the 
dynamometer loading motor must be capable of 
reversible torque to drive the MUT.  During steady state 
operation most power circulates between the two motors 
and their controllers.  Only losses are supplied by the 
grid connection.  The battery pack connected to the 
dynamometer electrical bus would be unnecessary under 
such steady state testing, but is necessary under the 
dynamic testing outlined above. 
 
This is because a small but significant amount of energy 
is stored in the rotational inertia of the machines.  This 
kinetic energy is supplied during acceleration and is 
transferred back to the electrical buss on rapid 
deceleration.  This power can be either transferred back 
to the grid through a bi-directional grid interface, stored 
in a battery pack or capacitors, or dissipated in a 
controllable resistive shunt.  In the following sections, 
this paper will show that a capacitor bank would be 
unachievably large, and without a battery pack, the grid 
interface would also be much larger than it otherwise 
needs to be.   
 
4 MODELING OF A DYNAMOMETER 
The overall dynamometer system is illustrated in Figure 
1 and the Simulink model is given in Figure 2. A vehicle 
with mass m on a road may experience a force which 
can be model as 
qr sin
2
1 2 mgmgCAvCmaF RRDroad +++=    (1) 
The corresponding torque can be computed by 
rFT roadroad ´=   (2) 
The loss in power Ploss is proportional to a quadratic 
function of current I as shown in Eqn (3). 
 
CKIRIPloss ++=
2   (3) 
 
R is the lumped resistance of the motor and drive.  K is 
the switching loss in the drive, which is proportional to 
the bus voltage, switching time and switching 
frequency.  K can be calculated as 
 
fstsVK Bus ´´=   (4) 
 
C is the switching loss due to the capacitance of the 
motor drive switching elements. 
 
fsVcC Bus ´´=
2
2
1
  (5) 
 
The bus current IBus is given as  
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The bus voltage can be calculated by 
 
( ) ( )
2
42 BatgriddmBusBat
Bus
RPPPVV
V
-++±
=  (7) 
 
The average power consumption is calculated by eqn.(8) 
T
IV
P
T
BusBus
average
ò= 0   (8) 
 
where T is period of the drive cycle.   
 
5 SIMULATION USING THE PROPOSED 
DYNAMOMETER MODEL 
A drive cycle which exhibits aggressive driving 
behaviour (ARB02) (Fig.3) is chosen because it is one 
of the most energy consuming cycle.  The regenerative 
dynamic dynamometer is designed to operate with 
ARB02, therefore it can operate with other drive cycles 
which are less aggressive. 
 
Figure 1   Diagram of the complete system 
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The model of the buffer system is simplified via some 
valid assumptions.  The buffer is assumed to have a 
constant voltage, this assumption holds for a battery if 
the energy drawn from the battery is significantly 
smaller than the size of the buffer.  For a capacitor 
buffer, the assumption is not valid, because the voltage 
drops substantially when energy is drawn from the 
capacitor.  Therefore the capacitor bank is sized so the 
voltage variation is less than 10% of the bus voltage.  
 
Under steady state, it is obvious that the dynamometer 
will regenerate power back to the electrical bus.  Under 
these conditions, the efficiency of the complete system 
is the product of the efficiencies of the components: The 
Motor Under Test (MUT), its motor drive, the 
dynamometer motor and its motor drive.  If each of 
these components was 90% efficient and 10kW was 
flowing from the DC bus to the MUT drive, then 
6.56kW will return to the bus from the dynamometer 
drive.  Only the losses of the system, 3.44kW, must be 
provided by an external supply to the DC bus, rather 
than the full 10kW drawn from the DC bus.  
 
The dynamic analysis is more interesting and complex.  
Consider a test where the dynamometer is programmed 
to simulate the road load to the MUT for a driving cycle 
test.  Since the rotating inertia of the MUT and 
dynamometer is less than the inertia of the vehicle 
modeled, then the dynamometer will draw power from 
the bus to simulate the inertia of the car by providing 
power to the MUT.  The additional circulating power 
required to simulate the inertia of the vehicle causes 
significant losses under dynamic operation. 
 
 Comparing the drive cycle, Fig.3, and the power usage 
at the dynamometer, Fig.4, one can see that it is only 
when the speed is high and relatively constant that the 
dynamometer then regenerates the energy back to the 
bus. The dynamometer is required to simulate vehicle 
inertia with electrically develop torque, therefore when 
the vehicle is changing speed rapidly, the dynamometer 
must draw energy from the bus to provide the 
corresponding road load torque. Fig.5 shows the bus, 
grid and battery currents. The battery currents have the 
same shape as the bus currents, only offset by the grid 
current.  If there is no buffer system like a battery pack, 
Figure 2   Simulink model of the regenerative road 
load simulator 
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the grid has to provide the peak current of 55 A, which 
equates to 24 kW.  This will lead to use of a larger 3-
phase power supply and larger power electronics 
components. 
 
From accumulative energy plot shown in Fig 6, the 
dynamometer consumes energy in first 600 seconds of 
the drive cycle, when the speed varies rapidly.  The 
dynamometer recovers energy after 600 seconds, when 
the speed varies slowly.  
 
The simulation results show that the regenerative 
dynamometer does not recover input energy for every 
case.  In dynamic testing, the dynamometer consumes 
power to provide opposing load torque that simulates 
vehicle inertia.  The losses through the drives and 
machines is greater than the energy stored in the actual 
inertia of the dynamometer.  In steady state testing, the 
vehicle inertia term is zero, therefore less torque is 
required from the dynamometer. 
 
Table 2 shows the result from a two step simulation.  
The first step assumes there is no power from the grid 
connection, therefore all the energy comes from the 
buffer system. The average power can then be 
determined by integration of power divided by the 
duration of the driving cycle. The second step assumes 
that this computed average power is drawn from the 
power grid and the buffer system is there to supply or 
absorb extra power when the required power is greater 
or less than the average power.   
 
Note that when the average power is supplied from grid, 
the final buffer energy is negative for the ARB02 cycle. 
This means that the buffer is actually charged up at the 
end of the drive cycle simulation. This happens because 
when the load is taking off the buffer system, the battery 
losses are reduced due to less power being drawn from 
the battery. 
 
This result can also be used to prove that capacitors are 
not suitable for this application. For example, by using 
the total energy consumption result from an ARB02 
cycle, the capacitor storage needs to be 10 times of 
162.76 Wh for the capacitor voltage drop to be less than 
10%. This equated to 77 F of capacitance required, 
which is out of the range of this project.   
 
The last two columns of the table can be use to 
determine the size of the battery pack needed for 
different cycles.  This table (column 2) also proves that 
the regenerative dynamometer system proposed can 
operate from a standard 240V wall socket which can 
supply 2400 W.  It significantly reduces the size of the 
converter required at the grid connection compared to a 
non-regenerative dynamometer. 
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Figure 3   ARB02 Drive cycle 
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Figure 4   Power usage of the dynamometer 
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Figure 5   Total losses of the system 
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Figure 6  Cumulative energy consumption for ARB02 
cycle 
6 CONCLUSIONS 
This paper proposed a design approach of a fully 
regenerative dynamic dynamometer. Detailed modelling 
of this design is given and tested over full drive cycles. 
This approach is able to consider both the dynamic 
emulation capability and the regenerative capability of 
the system. Simulation results reveal some important 
characteristics of the system. It is observed that the 
regenerative dynamometer does not recover input 
energy for every case. In dynamic testing, the 
dynamometer provides opposing load torque that 
simulates vehicle inertia. This consumes power since 
losses through the drive are greater than the energy 
stored in the actual inertia of the dynamometer.  In 
steady state testing, the vehicle inertia torque term is 
zero and power is regenerated as expected.   
 
This paper shows two major advantages of a 
regenerative dynamometer compared to a non-
regenerative dynamometer.  Firstly, only a standard 
2400 W wall socket and power electronics for the gird 
are needed to operate the dynamometer.  Secondly. no 
dissipative system is required.  These advantages are 
achieved by having a buffer energy storage system that 
absorbs and supplies the energy required during 
transient operation.  The optimal size of the buffer 
system can be determined using the method outlined in 
the paper. 
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 Buffer Energy 
without grid (J) 
Average power 
(W) 
Buffer Energy 
with grid (J) 
Total Energy 
(Wh) 
Peak buffer power 
(kW) 
ARB02 3.078 x 106 1876.8 -9284 162.76 21.1 
UDDS 1.03 x 106 751.79 -1219 33.83 4.065 
NYCC 4.79 x 105 799.33 -604 32.58 12.82 
HWFET 3.53 x 105 460.56 -259.3 12.25 3.67 
Table 2 Two step simulation for some driving cycle 
